Abstract-The wind power generation techniques are continuing to develop and increasing numbers of doubly fed induction generator (DFIG)-based wind power systems are connecting to the on-shore and off-shore grids, local standalone weak networks, and microgrid applications. The impedances of the weak networks are too large to be neglected and require careful attention. Due to the impedance interaction between the weak network and the DFIG system, both subsynchronous resonance (SSR) and high-frequency resonance (HFR) may occur when the DFIG system is connected to the series or parallel compensated weak network. This paper will discuss the SSR and the HFR phenomena based on the impedance modeling of the DFIG system and the weak networks, and the cause of these two resonances will be explained in details. The following factors will be discussed in this paper: 1) transformer configuration; 2) different power scale of DFIG system with different parameters; 3) L or LCL filter adopted in the grid side converter (GSC); 4) rotor speed; 5) current closed-loop controller parameters; and 6) digital control delay. On the basis of the analysis, active damping strategies for HFR using virtual impedance concept will be proposed.
I. INTRODUCTION
T HE demand for renewable power generation has been continually increasing in the past decades, and there have been two popular renewable power generation solutions worldwide in a large scale, i.e., the photovoltaic based solar energy and wind turbine-based wind power [1] - [5] .
Several different topologies and generators of wind power generation have been under commercial development and operation for years, i.e., doubly fed induction generator (DFIG)-based wind power generation [6] - [18] , permanentmagnet synchronous generator (PMSG) based wind power generation [19] - [24] , and squirrel cage induction generator (SCIG) based wind power generation [25] . The topology differences between these three wind power systems are that the back-toback pulsewidth-modulated (PWM) converters are connected between the PMSG/SCIG and the power network, while it is connected between the rotor side converter (RSC) and the grid side converter (GSC) in the DFIG system, and the DFIG stator winding is directly connected to the power network. This difference determines that the PMSG-and SCIG-based systems are less sensitive to the power network variation than the DFIG-based system. For instance, an appropriate control strategy of both PWM converters can ensure satisfactory low-voltage ride-through (LVRT) performance of the PMSG and SCIG systems [19] and also provide excellent rejection capability against the grid voltage unbalance, distortion, and disturbance [20] . Moreover, a well-regulated constant dc-link voltage ensures a decoupled control of the two PWM converters, and thus, the impedance interaction between the generators (PMSG/SCIG) and the power network may be less likely to exist. Unfortunately, due to the direct connection of the stator winding to the power network, the DFIG-based wind power system is comparatively more sensitive to the power network variation, including voltage unbalance [6] - [10] , low voltage fault [11] - [14] , distortion [15] - [18] , and potential resonance due to a comparatively large impedance of the weak network.
There are mainly two kinds of resonances in the DFIG system, i.e., the subsynchronous resonance (SSR) below the fundamental frequency when connected to the series compensated weak network [29] - [46] and the high-frequency resonance (HFR) when connected to the parallel compensated weak network [26] - [28] .
Due to the impedance interaction between the DFIG system and the series compensated weak network, the SSR [29] - [46] may occur and even result in instability operation in the DFIG system. The harmonic linearization method was employed to obtain the positive and negative impedance of the DFIG system in [29] and [30] , and then the frequency of SSR can be analyzed based on the obtained impedance modeling. Miao [31] gave out a comprehensive impedance modeling of the DFIG system under series compensated network, but the GSC is neglected. Thyristor-controlled and gate-controlled series capacitors are demonstrated, respectively, in [32] and [33] to reshape the network impedance, thereby avoiding the potential SSR. Fan and Miao [34] adopted the impedance-based Nyquist stability criterion in order to explain the SSR phenomenon. An eigenvaluebased analysis was conducted in [35] to investigate the impact of SSR from the perspective of the grid and the DFIG. Three different modal resonances were also analyzed in [36] - [38] , i.e., induction generator effect, torsional interactions, and control interactions. The SSR was analyzed from the quantitative perspective using an aggregated RLC circuit model of the series compensated weak network in [39] .
Based on the SSR theoretical analysis, several damping strategies have been developed to mitigate the SSR. The phase margin can be successfully increased by inserting a virtual resistance in [40] and the resonance can be mitigated consequently. An auxiliary SSR damping controller with the selection of control signals in the DFIG converters was proposed in [41] to effectively mitigate the SSR. Moreover, by choosing properly an optimum input control signal, a simple proportional SSR damping controller for the RSC and GSC was designed to mitigate the SSR in [42] . A multi-input, multi-output statespace methodology was proposed in [43] based on the DFIG stator and rotor current feedback to damp the SSR. A twodegree-of-freedom control strategy was introduced to mitigate the SSR in [44] , while the supplementary damping control was designed to damp the SSR in the DFIG system in [45] . An overview paper regarding SSR active damping strategy was summarized in [46] , which includes the thyristor-controlled series capacitor, gate-controlled series capacitor, and GSC control.
Besides the SSR, which is a low-frequency resonance below the fundamental frequency, the HFR is also likely to occur, especially in the grid-connected converters [47] - [62] . Many effective damping strategies for the HFR in the gridconnected converters have been reported in [47] - [53] . The active damping of harmonic distortion in the grid-connected converter has been well investigated in [47] - [51] . The output impedance shaping attained by the virtual impedances is generalized using the impedance-based models in [51] , with different virtual impedances configuration and their implementation issues discussed. The current controller parameters are optimally designed to improve its stability under a weak network [54] , [55] . Also, the digital control delay is investigated and mitigated in [56] and [57] in order to improve the converter performance. An impedance modeling approach of the three-phase grid-connected converters is also established in d-q reference frame [59] , [60] to analyze its stability issue.
Based on the aforementioned overview, it might be likely that the HFR may occur if the DFIG system is connected to the parallel compensated weak network [26] - [28] . The following variables may influence the HFR phenomenon: 1) transformer configuration between the DFIG machine stator winding, the grid side output filter, and the point of common coupling (PCC); 2) different power-scale DFIG system having different parameters, which may vary from several kilowatts to several megawatts; 3) different L or LCL filters adopted in the GSC; 4) rotor speed of subsynchronous speed or supersynchronous speed; 5) current closed-loop controllers proportional and integral parameters; and 6) digital control delay caused by the voltage and current sampling as well as the PWM update in the control system.
It is important to point out that, since the SSR has been well investigated in the previous works [29] - [46] , the major contribution of this paper is to theoretically explain the HFR and its active damping, while the conclusions regarding the SSR will also be addressed and discussed in comparison with the HFR.
Based on the theoretical analysis, the active damping strategies for the aforementioned two resonances need to be introduced to mitigate the resonances, by reshaping the impedance of either the DFIG system or the weak network. During the impedance reshaping, the phase difference between the DFIG system and the weak networks at the potential resonance frequency needs to be reduced and the resonance can as a result be mitigated. Nevertheless, it should be pointed out that the active damping strategy based on the introduction of virtual impedance is only appropriate for the HFR damping (the reason will be explained in following discussion); thus, only the active damping of the HFR, but not the active damping of the SSR, will be discussed in this paper.
This paper introduces first the impedance modeling of the DFIG system in Section II, including the rotor part of the DFIG machine and the RSC and the grid part of the L/LCL filter and the GSC. Then, the reasons for causing the SSR and HFR are theoretically analyzed and explained based on the established impedance modeling in Section III. It is pointed out that both resonances are caused by the impedance interaction between the DFIG system and the weak network. Several influence factors as mentioned earlier will all be investigated in respect to the SSR and HFR in Section IV. The active damping strategy for the HFR based on the introduction of the virtual impedance is discussed in Section V. Simulation results and experimental results are provided to validate the theoretical analysis regarding the SSR and HFR in Section VI. Finally, the conclusions are summarized in Section VII.
II. IMPEDANCE MODELING OF THE DFIG SYSTEM
As an analysis platform for the DFIG system resonances, an impedance modeling of the DFIG system needs to be established first. Note that the impedance modeling of the DFIG system has been reported in [31] , and a detailed description of the DFIG system modeling is mentioned in this section.
A. Description of the DFIG System and Weak Network
A configuration diagram of the investigated DFIG system is given in Fig. 1 . As it can be seen from Fig. 1 , the RSC performs effective control of the DFIG stator output power through the rotor current control, the GSC keeps a constant and stable dclink voltage, and either LCL filter [11] - [13] or L filter [6] - [10] , [14] - [18] can be adopted to filter out the switching harmonics.
A three-terminal step-up transformer is always connected between the DFIG machine stator winding, the GSC output LCL filter, and the PCC to increase the voltage level of the DFIG system. On the other hand, the three alternative configurations of weak networks will be considered in this paper: 1) noncompensated network, with the network resistance R NET and network inductance L NET connected in series; 2) the series compensated network, with the R NET , L NET , and network capacitance C NET connected in series; 3) the parallel compensated network, with the R NET and L NET connected in series and the C NET connected in parallel. Besides, a two-terminal transformer is always adopted to adjust the voltage level between the PCC and the high-voltage long-distance transmission cables.
B. Impedance Modeling of the GSC and L/LCL Filter
The impedance modeling of the GSC with L filter is investigated and obtained in [31] , as shown in Fig. 2 . A similar impedance modeling of the GSC with LCL filter can be obtained, as shown in Fig. 3 . Note that the voltage level increasing caused by the transformer is not included in this impedance modeling, but it will be discussed in the following analysis.
The GSC current closed-loop control is modeled as one volt-
in series, as shown in the blue bracket in Figs. 2 and 3 . G c (s − jω 0 ) is the PI current controller containing proportional part K pgsc and integral part K igsc /(s − jω 0 ), the parameters of K pgsc and K igsc can be found in Tables I and II . G d (s − jω 0 ) is the digital control delay of 1.5 sample period due to the delay of sampling and PWM update [51] . It needs to be pointed out that ω 0 is the grid fundamental component angular speed of 100π rad/s. The introduction of ω 0 is due to the reference frame rotation from the stationary frame to the synchronous frame where the PI closedloop current regulation is implemented. The control loop of the dc-link voltage and the grid synchronization in the GSC are neglected due to the slower dynamic response [31] .
Then, based on Fig. 3 , the impedance of the GSC and L/LCL filter can be obtained by setting the voltage source to zero
where C f is the LCL capacitor filter, L f and L g are the LCL inductor filters close to the converter and grid, respectively, 
Voltage Level and Ratios
C. Impedance Modeling of the DFIG Machine and RSC
According to [31] , the impedance modeling of the DFIG machine and RSC can be obtained, as shown in Fig. 4 . Similarly, the voltage level increase caused by the transformer is not included here but will be discussed later.
Since the rotor current control is implemented in the synchronous reference frame, it needs to be transformed into the rotor stationary frame using the slip angular speed expressed 
Current Controller Parameters as [29] - [31] 
where ω r is the rotor angular speed. Then, the impedance of the DFIG machine and RSC can be obtained by setting the rotor control voltage source to zero, and the impedance of the DFIG machine and RSC can be presented as [31] 
where H = Z Lσ r + (R r + Z RSC )/slip, Z Lm = sL m ; Z Lσ r = sL σ r ; Z Lσ s = sL σ s ; R r and R s are the rotor and stator winding resistances; L σ r and L σ s are the rotor and stator leakage inductances, respectively; L m is the mutual inductance; and
D. Impedance Modeling of the Three-Terminal Transformer
In the aforementioned two impedance modeling (1) and (3), the three-terminal step-up transformer is not included. However, it is always adopted to increase the voltage level between the DFIG system and PCC in the commercial DFIG system. For instance, for a commercial 2.0 MW DFIG system, the stator voltage is normally 690 V and, LCL filter output voltage is 480 V, and the PCC voltage is 1 kV. Thus, the influence of the transformer on the impedance modeling needs to be taken into consideration.
Fig . 5 shows the simplified configuration diagram of the DFIG system. The voltage transformer turns ratios between the primary side and the secondary side are defined as
Then, based on (1) and (4), the impedance Z GL PCC / Z GLCL PCC of the GSC and L/LCL filter seen from the PCC can be presented as
Similarly, based on (3) and (4), the impedance Z S R PCC of the DFIG and RSC seen from the PCC can be presented as
E. Impedance Modeling of the DFIG System
According to Fig. 1 , the dc-link capacitor is connected between RSC and GSC and the dc-link voltage is able to remain constant in normal operation; thus, the dc-link capacitor actually has the function to decouple the control of the RSC and GSC. As a result, the RSC and GSC can work independently, and no dc-link coupling between RSC and GSC needs to be taken into consideration in the impedance modeling. Therefore, the rotor part (RSC and DFIG) and the grid part (GSC and LCL filter) can be regarded as in parallel connection to the PCC via the three-terminal transformer.
Based on the impedance modeling of the GSC and L/LCL filter in (5), the DFIG and RSC in (6) , as well as the three-terminal transformer in (4), the DFIG system impedance modeling seen from the PCC can be obtained as
The impedance modeling discussed earlier are applicable for both small-and large-power-scale DFIG system.
F. Impedance Modeling of the Weak Networks
As an important role of the resonance phenomenon in the DFIG system, the impedance modeling of the weak networks needs to be established. The weak network configuration is becoming increasingly complicated nowadays with a large number of various power sources and loads. Any connection or disconnection of sources and loads will result in impedance change of the weak network. However, for any types of sources and loads, their impedance can be equivalently presented as the combinations of basic units of R, L, C. Therefore, it is possible to merge several sources and loads impedance into one equivalent impedance. For instance, in the SSR discussion, it is assumed that the equivalent impedance of the series compensated weak network is R, L, and C in series connection [29] - [46] ; similarly, in the HFR discussion, it is assumed that the equivalent impedance of the parallel compensated weak network is R and L in series connection and C in parallel connection [26] - [28] .
For the parallel compensated weak network, shunt (parallel) capacitors are commonly used as static reactive power compensation with the purpose to achieve high power factor in the off-shore wind farms [1] - [4] . Furthermore, in the case of the cable-based weak network, the parasitic capacitances between the transmission cables and grounds [5] are also inevitable and can vary greatly in practical situations. Thus, it can be found out that the presence of shunt (parallel) capacitor is a reasonable assumption for the parallel compensated weak network when discussing the DFIG system HFR issues.
For the series compensated weak network, the series compensated capacitance is always connected in series with the transmission cables to reduce the electric length of the transmission cable and increase the power transmission capability. In [29] - [46] , the series compensated weak network has the typical configuration of R, L, and C in series connection.
In a practical wind farm, the transmission transformer is always connected between the voltage at PCC (V PCC = 1 kV) and the high-voltage long-distance transmission cable (V HV = 25 kV, note that this voltage level may change in different countries and that the value here is just taken as an example). As a consequence, all the network parameters R NET , L NET , and C NET in the high-voltage long-distance transmission cable should include the voltage turns ratio as
Thus, based on Fig. 1 and (8), the impedance of the three weak networks configurations seen from PCC can be presented as [26] - [31] 
where Z NET is the impedance of the weak network seen from the PCC, with subscripts N, S, and P representing the noncompensation, series compensation, and parallel compensation, respectively. R NET , L NET and C NET are the network resistance, inductance and capacitance respectively in the high-voltage longdistance transmission cable.
III. ANALYSIS OF HFR AND SSR
Based on the DFIG system impedance modeling in the previous section, the HFR and SSR phenomena of the DFIG system will be analyzed with the consideration of the following several critical factors: 1) different power scale varying from kilowatts to megawatts; 2) L or LCL filter adopted in the GSC; 3) current closed-loop controller proportional and integral parameters; 4) rotor speed; and 5) digital control delay. Note that the issue of different transformer configurations has been discussed in previous section, so it will not be repeated here.
A. Impedance Shape of the DFIG Systems With Different Power Scale
According to (1) and (3), it can be found that the DFIG system parameters are involved in the impedance expression. Thus, the DFIG system with different power scale (varying from kilowatts to megawatts) will have a quite different impedance shape due to parameter variations of 10 to 100 times; this means the potential resonance frequency will vary a lot as a consequence.
In this paper, two different power-scale DFIG systems will be investigated, i.e., a small-scale 7.5 kW experimental DFIG setup and a large-scale 2.0 MW commercial DFIG setup, and their parameters are listed in Tables I and II, respectively. According to Tables I and II, as the DFIG system power scale increases from 7.5 kW to 2.0 MW, the parameters of the DFIG machine stator/rotor resistance and inductance, as well as the LCL filter become 100 times smaller. Besides, the sampling frequency f s and switching frequency f sw also decrease from f s = 10 kHz and f sw = 5 kHz for the small-scale DFIG system to f s = 5 kHz and f sw = 2.5 kHz for the large-scale DFIG system. The proportional and integral parameters of the controllers K p and K i are also becoming much smaller, for instance, K prsc = 8, K irsc = 16 for the small-scale DFIG system, while K prsc = 0.2, K irsc = 2 for the large-scale DFIG system. All these parameter variations due to the different power scale will be taken into consideration in the following resonance analysis. 
1) DFIG System Impedance in the High-Frequency Range:
In respect to HFR, the impedance shape of both small-and large-power-scale DFIG system with LCL and L filters in the high-frequency range can be seen in Figs. 6-9. By analyzing the four Bode diagrams, it can be found that the DFIG system impedance shape has a magnitude concave and phase response changing of around 160°in Figs. 7 and 9 due to the adopted LCL filter. In contrast, when the L filter is adopted in GSC, the DFIG system impedance remains almost inductive within the high-frequency range, as shown in Figs. 6 and 8.
On the other hand, by comparing the Bode diagrams between the small-scale and large-scale DFIG systems, it can be observed that, since the parameters of the small-scale DFIG system in Table I is much larger than the parameters of the large-scale DFIG system in Table II , the impedance magnitude of the smallscale DFIG system in Figs. 6 and 7 is larger than the large-scale DFIG system shown in Figs. 8 and 9.
2) DFIG System Impedance in the Low-Frequency Range: Regarding the SSR phenomenon, the grid part impedance is always neglected in [29] - [31] due to the comparatively larger magnitude of the grid part compared to the rotor part. However, in this paper, for the sake of precise theoretical analysis, the grid part of the DFIG system is also taken into consideration, with the DFIG system impedance expression given in (5)−(7). The Bode diagram of both small-and large-power-scale DFIG systems in the low-frequency range in respect to the SSR is shown in Figs. 10-13. It can be found that even if different L and LCL filters are adopted in Figs. 10 and 11, the impedances of the grid part Z GL PCC and Z GLCL PCC with different filters remain almost the same since these two impedances are dominated by the filter inductor L f in the low-frequency range. As a result, the 
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impedance shape of the DFIG system Z SYS GL and Z SYS GLC L are the same in the low-frequency range. Similar conclusions can be obtained in the case of the large-scale DFIG using L and LCL filters, as shown in Figs. 12 and 13.
B. Impedance Shape of the Weak Networks
According to [31] - [34] , a wind farm is always connected through high-voltage long-distance transmission cables, which can be considered as series RL elements, together with either series or parallel compensated capacitance. Their impedance expressions are given in (9) . Table III shows the parameters of the parallel compensated weak networks for small-and large-scale DFIG systems, while the parameters of the series compensated weak networks for small-and large-scale DFIG systems are shown in Table IV .
It is important to clarify that in the parallel compensated weak network for the large-scale DFIG system in Table III , the voltage changing ratio K 3 = 25 needs to be considered in its impedance modeling, and thus, the actual parameter values of the parallel compensated weak network seen from the PCC in Fig. 1 can be calculated as R NETP /K Similarly, in the series compensated weak network for the large-scale DFIG system given in Table IV , the voltage changing ratio K 3 = 25 also needs to be considered. As a result, the actual values of the series compensated weak network seen from the PCC, as shown in Fig. 1 , can be calculated as R NETS /K According to Fig. 14 , it can be seen that the parallel compensated weak network behaves inductive in the range lower than the peak frequency, while it behaves capacitive in the range higher than the peak frequency. This character determines that the HFR is only likely to happen at the capacitive high-frequency range, when the phase difference of 180°between the DFIG system and the parallel compensated weak network is likely to occur.
On the contrary, as shown in Fig. 15 , the series compensated weak network behaves capacitive/inductive in the frequency range lower/higher than the peak frequency. As a result, the SSR is only likely to occur at the low frequency, which is typically lower than the fundamental frequency.
C. Occurrence of SSR and HFR in the DFIG System
It is obvious that if the inductive unit and capacitive unit have equal magnitude, then the overall circuit impedance magnitude achieves a minimum value and a circuit resonance may occur.
Since the DFIG system remains inductive in most frequency range, as shown in Figs. 6-9, the weak network should behave capacitive in order to allow the resonance to happen. Both the SSR and HFR occur under the circumstance of the DFIG system behaving inductive and the weak network behaving capacitive, as shown in Figs. 16-19 . Fig. 16 shows the SSR between the small-scale DFIG system and the series compensated weak network, where the parameters used to plot this diagram are given in Tables I and IV. As it can be seen, only one magnitude intersection point exists at 5 Hz, and the phase difference is larger than 180°, which indicates the occurrence of SSR due to the negative resistance part in the DFIG system caused by the DFIG phase response of around 100°. Note that since the DFIG system with L or LCL filter has almost the same impedance response in the frequency range below 50 Hz, the SSR frequency is the same regardless of different L or LCL filter.
Similarly, Fig. 17 shows the SSR between the large-scale DFIG system and the series compensated weak network, and their parameters are available in Tables II and IV . The SSR frequency of 5.8 Hz occurs under this circumstance as a consequence of the phase difference larger than 180°.
In respect to the HFR in the small-scale DFIG system, it can be found from Fig. 18 that when a small-scale DFIG system with L or LCL filter is applied, the magnitude intersection points exist at 1500 and 1580 Hz, respectively, for the case of L filter and LCL filter. The phase difference of 180°at these intersection frequencies result in the occurrence of HFR. Nevertheless, it should be pointed out that there exists also other magnitude intersection points at 900 and 1050 Hz, but the resonances will not happen since the phase differences are smaller than 180°. The parameters to plot this diagram are available in Tables I  and III. Similarly, Fig. 19 shows the HFR between the large-scale DFIG system and the parallel compensated weak network. The large-scale DFIG system with LCL filter causes the HFR only at 1385 Hz due to the phase difference >180°. The magnitude intersection points at 570, 980, and 1350 Hz do not result in HFR as the phase difference < 180°. For the large-scale DFIG system with L filter, there are two magnitude intersection points at 530 and 1020 Hz, but the phase differences are smaller than 180°and helps to avoid the occurrence of HFR.
Therefore, based on aforementioned Bode diagrams in Figs. [16] [17] [18] [19] and theoretical explanations, it can be concluded that both SSR and HFR are produced by following the same principle, i.e., the phase difference is equal to or larger than 180°at the magnitude intersection points, which result in the DFIG system inductive impedance part and the weak network capacitive impedance part to cancel out each other; then the overall impedance magnitude reaches its minimum value (or even negative value) and produce the SSR and HFR consequently.
D. HFR in Wind Farm With the Aggregated DFIG System
In the earlier analysis of the SSR and HFR, only one single DFIG system is investigated in order to conduct a detailed and specific investigation on the causes for SSR and HFR.
In practical applications, a wind farm with numbers of DFIG systems working together in parallel is a common type of wind power generation configuration. Therefore, it is important to discuss the HFR from the perspective of a large-scale wind farm.
Before investigating the HFR at the wind farm scale, it is important to evaluate the short-circuit ratio (SCR) of the discussed single DFIG system and its corresponding parallel compensated weak network listed in Tables II and III . It can be calculated that the HFR in single DFIG system is studied based on the condition of SCR = 20, as shown in the following equation:
where V HV = 25 kV, R NETP = 10.3 Ω, L NETP = 36.6 mH, the rated power of a single DFIG system is 2.0 MW; all these parameters are listed in Tables II and III. It should be noted that the shunt capacitance is not included because it needs to be short-circuited when calculating the SCR in the case of the parallel compensated weak network in (10) . Thus, without including the shunt capacitance C NET , the SCR is assumed to be not quite appropriate to evaluate the weakness of the parallel compensated weak network, instead the SCR is just taken here to better compare the HFR discussed in single DFIG or wind farms in the following part. In order to study the HFR in the wind farm scale, the SCR is kept constant as the case of single DFIG. Considering the fact that in a typical wind farm, the DFIG systems are working in parallel connection; thus, the overall aggregated DFIG system parameters Z SYS Farm can be derived by dividing the single DFIG system parameters using the number of included DFIG systems n in the wind farm [31] - [43] 
where Z SYS Farm is the impedance of the overall aggregated DFIG wind farm, Z SYS is the impedance of single DFIG given in (7), and n is the number of DFIG systems included in the wind farm. In this discussion, n is chosen to be 50, where 50 DFIG systems are working in parallel in the wind farm and the overall aggregated rated power of the DFIG wind farm is 100 MW. Moreover, according to (10) and 9(c), in order to keep the value of SCR in the wind farm the same as in the single DFIG system, the parameters of the parallel compensated weak network also needs to be divided by n as given in the following expression:
(12) Based on (11) and (12), the HFR at the wind farm scale, with 50 2.0 MW DFIG system working in parallel, can be investigated based on the Bode diagram shown in Fig. 20 . Clearly, the impedance shapes of the single 2.0 MW DFIG system and the wind farm of 100 MW are the same, i.e., they have the same phase response, while the magnitude response becomes proportionally smaller. The same results can also be obtained in respect to the impedance shape of the parallel compensated weak network. Consequently, the HFR discussed in the single DFIG system and wind farm has the same result, i.e., the HFR at 1385 Hz will occur due to the phase difference is larger than 180°. Furthermore, based on the discussions according to Fig. 20 , the variation of the parallel compensated weak network impedance in the case of a wind farm is also discussed. The weak network impedance is divided by 50 (then the SCR is 20), 30 (then the SCR is 12), 20 (then the SCR is 8), and 10 (then the SCR is 4), and their Bode diagrams are shown in Fig. 21 . As it is shown, when the SCR becomes smaller, i.e., the impedance of the parallel compensated weak network becomes larger and the networks becomes "weaker," the HFR will always occur and the resonance frequency becomes higher.
Thus, the following can be concluded: 1) the Bode diagrambased resonance analysis can be adopted to analyze the resonance in the case of both a single DFIG system as well as the wind farm with numbers of DFIG systems working in parallel; 2) the impedance of the aggregated DFIG system can be obtained by dividing the single DFIG system impedance with the numbers of DFIG systems [31] - [43] ; and 3) as the parallel compensated weak network becomes weaker with larger impedance, the HFR always occurs at higher resonance frequencies.
Therefore, based on the discussion of HFR in single DFIG system in Figs. 18 and 19 , HFR in the wind farm in Figs. 20 and 21, SSR in single DFIG system in Figs. 16 and 17 , and SSR in a wind farm in [31] - [43] , it can be found out that the proposed Bode diagram-based analysis method is effective and appropriate in respect to the HFR and SSR analysis.
IV. INFLUENCE FACTORS OF HFR AND SSR
As analyzed previously, the resonance frequencies of SSR and HFR are subject to several factors, including the following: 1) transformer configuration; 2) power scale of the DFIG system having different parameters; 3) L or LCL filter adopted in the GSC; 4) rotor speed; 5) closed-loop current controller parameters; and 6) the digital control delay.
Among these factors, the transformer configuration, rotor speed, and current closed-loop control proportional and integral parameters are possible to change in practical applications for a specific DFIG system. For instance, the voltage level is different and the transformer configuration may vary in many countries; the DFIG machine speed is subject to the wind speed variation and varies all the time; and the current control parameters need to be adjusted in practical situation in order to achieve an accurate and fast regulation of the output power.
Besides, the switching frequency f sw and sampling frequency f s of the large-scale DFIG system is lower than the smallscale system, i.e., f s = 10 kHz and f sw = 5 kHz in a 7.5 kW small-scale DFIG system, and f s = 5 kHz and f sw = 2.5 kHz in a 2.0 MW large-scale DFIG system. As a consequence, the digital control delay T d , which is typically one and half sampling period, is also longer in the large-scale DFIG system, i.e., T d = 150 μs in 7.5 kW DFIG system, and T d = 300 μs in 2.0 MW DFIG system, as shown in Tables I and II . Nevertheless, the digital control delay remains constant for a certain DFIG system and will not vary in practical operation; thus, the digital control delay will not be investigated further here.
Based on the aforementioned discussion, only the influences of the following will be discussed further: 1) the transformer configuration; 2) the rotor speed; and 3) closed-loop current controller parameters.
A. Influence of the Transformer Configuration
As shown in Fig. 1 , a three-terminal transformer is used to adjust the voltage level within the DFIG system, while a twoterminal step-up transformer is adopted to connect the low voltage side of the DFIG system to the high voltage side of the transmission cable. The voltage ratio of these two transformers may vary worldwide due to different voltage levels in different countries.
In order better to investigate the influence of the transformer turn ratio configuration, the large-scale 2.0 MW DFIG system with LCL filter is taken as an example, while the discussion of small-scale 7.5 kW DFIG system is neglected due to limited space in this paper.
Besides the network parameters in Tables III and IV , which are considered as group 1, it is assumed here that both the grid filter output voltage V G , DFIG machine stator voltage V SR , and the PCC voltage V PCC are all 690 V, while the transmission cable high voltage is 161 kV [31] - [34] , [36] , [37] as group 2. It should be noted that in practical applications, the voltage level increase is achieved by two step-up transformers in series connection to increase the voltage step by step. However, since it is assumed that the distance between these transformers is short, so during the impedance modeling process, these step-up transformers can be modeled as one single transformer with a high turns ratio. As a consequence, the K 1 = K 2 = 1, K 3 = 161 kV/690 V = 233, which is considered as group 2.
Figs. 22 and 23 show the Bode diagrams of the large-scale DFIG system impedance with two different transformer configurations. The SSR and HFR are discussed in Figs. 22 and 23 , respectively. Due to the two different groups of transformer voltage turns ratios, the impedance shape of the large-scale DFIG system has slight changes. On the other hand, both the series and parallel compensated weak network also change as well and a much larger decrease in the magnitude response can be observed due to the large increase of K 3 . Fig. 22 . SSR between the large-scale DFIG system and the series compensated weak network when the transformer configuration changes. Fig. 23 . HFR between the large-scale DFIG system and the parallel compensated weak network when the transformer configuration changes.
It can be observed from Fig. 22 that, with the voltage turns ratio group 1, the SSR occurs at 5.8 Hz due to a phase difference >180°at the magnitude intersection point. However, once the transformer configuration changes to group 2, the magnitude intersection point shifts and the SSR frequency changes to 1.2 Hz, as a result. On the other hand, as it can be observed from Fig. 23 that the HFR at 1385 Hz occurs when the transformer configuration with parameters group 1 is applied; once the transformer configuration changes to parameter group 2, the magnitude intersection point no longer exists and the HFR will not happen.
Thus, it can be found that the transformer configuration is important to the impedance shape of the DFIG system and the weak network, consequently the occurrence of SSR and HFR as well as the resonance frequency is partly influenced by the transformer configuration. 
B. Influence of the Rotor Speed
According to the DFIG operation character, the DFIG system is able to deliver wind power within the rotor speed range of ±30%; thus, it is meaningful to investigate the influence of rotor speed on the SSR and HFR.
Figs. 24 and 25 show the Bode diagram of the large-scale DFIG system impedance at the rotor speeds of 0.8, 0.95, and 1.3 p.u., with the SSR and HFR considered.
As it can be seen from Fig. 24 regarding the SSR, the magnitude response of the large-scale DFIG system in the lowfrequency range has obvious changes at different rotor speeds of 0.8, 0.95, and 1.3 p.u., which results in the magnitude intersection points to shift from 6 to 8 Hz, and most importantly, the magnitude response at the intersection points drops from −21 to −24 dB. Besides, the phase response of the large-scale DFIG system at the intersection points remains almost the same around 140°under all three different rotor speeds.
Based on the earlier description, it can be found that for the three cases with different rotor speeds, the impedance of the large-scale DFIG system can always be considered as a combination of negative resistance and positive inductance due to the same phase response of 140°; nevertheless, its magnitude decreases as the rotor speed increases. This means the amplitude of the negative resistance in the large-scale DFIG system becomes smaller, which is helpful to the DFIG system operation stability, and as a result, the SSR is less likely to happen when the rotor speed is higher.
On the other hand, based on the analysis in Fig. 25 , it can be found that the impedance of the large-scale DFIG system at the potential HFR range remains the same regardless of the rotor speed variation, and exactly the same magnitude and phase response can be ensured. Therefore, it can be concluded that the rotor speed is not important to the HFR of the large-scale DFIG system.
C. Influence of the Current Controller Parameters
The current closed-loop control in the RSC and GSC may need to adjust their parameters K prsc , K irsc , K pgsc , and K igsc for accurate and fast regulation of the DFIG output power. Thus, it is meaningful to discuss the influence of these parameters on the DFIG system impedance.
Three different groups of parameters are discussed in this section, i.e., group 1: K prsc = 0.2 and K pgsc = 0.05; group 2: K prsc = 0.1 and K pgsc = 0.025; and group 3: K prsc = 0.04 and K pgsc = 0.01.
Before discussing the influence of the current controller parameters on the SSR and HFR, the control bandwidth of current control with the three groups of parameters need to be demonstrated. In order to investigate the control bandwidth, the transfer function of the rotor current closed-loop control in the RSC can be presented as (Note that the rotor current control is taken as an example, while the grid side current control in GSC is neglected for simplicity.)
where G c (s) is the PI current controller in (1), G d (s) is the digital control delay in (14) , G p (s) is the control subject DFIG transfer function defined as G p (s) = 1/(R r + sσL r ) in [16] , R r is the rotor resistance, L r = L m + L σ r is the rotor inductance, L m is the mutual inductance, and L σ r is the rotor leakage
m /L r L s is the leakage inductance coefficient. Fig. 26 shows the Bode diagram of the rotor current closedloop control transfer function based on (13) with three different groups of parameters as mentioned earlier. It can be seen, when group 1 parameter K prsc = 0.2 is chosen, the rotor current closed-loop control bandwidth is 800 Hz, which is large enough to achieve fast dynamic response of the rotor current control. On the other hand, for the other two groups of parameters, the control bandwidth becomes much lower as 270 and 90 Hz. A similar conclusion considering the GSC current closed-loop control can be obtained and will not be described in detail here.
Figs. 27 and 28 show the SSR and HFR between the large-scale DFIG system and the weak network when the closed-loop control parameters in the RSC and GSC change, group 1: K prsc = 0.2 and K pgsc = 0.05; group 2: K prsc = 0.1 and K pgsc = 0.025; and group 3: K prsc = 0.04 and K pgsc = 0.01. It should be noted that compared with the integral parameters K irsc and K igsc , the proportional parameters K prsc and K pgsc have dominant influence on the DFIG system impedance, and thus, only the variations of proportional parameters are discussed here.
According to Fig. 27 , as the proportional parameters of the RSC and GSC decrease, the magnitude intersection frequency points shift from 6 to 8 Hz and 13 Hz, while the phase difference at these frequency points remain almost the same >180°. But it also needs to be pointed out that as the controller parameters become smaller, the amplitude of the negative resistance of DFIG system at the three intersection points becomes smaller, which is helpful to the DFIG system stability. Thus, it can be concluded that the SSR in the large-scale DFIG system is less likely to happen when smaller current control parameters with lower bandwidth is adopted.
The HFR with different current control parameters are shown in Fig. 28 . When the proportional parameters of the RSC and GSC decrease, both the magnitude response and phase response of the large-scale DFIG system have minor changes and the magnitude intersection points have minor changes from 1385 to 1383 Hz, and the phase difference decreases from 208°t o 193°and 185°, respectively. Thus, it can be found that, as the proportional parameters of the current closed-loop control in RSC and GSC change, the large-scale DFIG system HFR still exists due to a phase difference larger than 180°, and the HFR resonance frequency remains almost the same. Thus, the proportional parameters are not important to the large-scale DFIG system HFR frequency.
V. ACTIVE DAMPING STRATEGY FOR HFR
As mentioned in the previous sections, the resonances can be mitigated if the impedance shape of the DFIG system or the weak network can be appropriately modified.
Modifying the impedance of the weak network is an effective method to mitigate the resonance. For instance, thyristorcontrolled series capacitors [32] and gate-controlled series capacitors [33] are demonstrated, respectively, to reshape the network impedance, thus avoiding the potential SSR.
However, not only the DFIG-based wind power system but also the other renewable power generation sources and various types of loads are likely to be connected to the weak network. Therefore, if the impedance character of the weak network is modified, then potential operation problems may be produced for the other connected sources and loads. So in this paper, only the impedance reshaping in the DFIG system through the introduction of virtual impedance is investigated.
Note that only the mitigation of HFR through virtual impedance is discussed in this section. For the SSR, there are two reasons to make the virtual impedance-based active damping strategy inappropriate for the SSR damping:
1) The SSR frequency is likely to be close to the fundamental components of the stator and rotor voltage and currents; thus, the introduction of the virtual impedance at the potential SSR frequency may affect the normal control of the rotor and stator current fundamental components and cause problems of wind power generation as a consequence. 2) As discussed in Fig. 27 and [31] , the parameters of the PI controller have obvious influence on the DFIG system impedance shape at the low-frequency range (<50 Hz). Therefore, in order to appropriately reshape the DFIG system impedance to mitigate the SSR, the parameters of the virtual impedance need to be carefully designed and adjusted when different current control parameters are applied, thus making the active damping strategy complicated and less applicable in practice. Since the machine part and the grid part of the DFIG system are in parallel connection, the impedance reshaping in either the machine part or the grid part can be adopted. For the machine part reshaping, both the rotor part and the stator part can be used to implement the impedance modification. Therefore, in the following discussions, the introduction of the virtual impedance in three ways is discussed, i.e., in the grid part, in the rotor part and in the stator part of the DFIG system.
A. Introduction of Virtual Impedance
The virtual impedance needs to be introduced in order to achieve the appropriate DFIG system impedance reshaping. Since the phase difference> = 180°between the DFIG system and the parallel compensated weak network at the magnitude intersection frequency point is the direct reason of the HFR, reducing the phase difference can help to mitigate the resonance. Due to the inductive behavior of the DFIG system with phase response larger than 90°in the potential HFR range, the insertion of a capacitive unit can be helpful in order to reduce its phase response.
However, the digital control delay is inevitable in the DFIG system as discussed in (14), and as a consequence, the originally introduced virtual positive resistance (PR) can be transformed into the combination of positive resistance and positive capacitance (PC), as illustrated in Fig. 29 (14) where T d = 150 μs is the control delay and T s = 100 μs is the sampling period in the small-scale DFIG system, as shown in Table I .
According to Fig. 29 , the digital control delay T d = 150 μs causes a phase angle delay Δθ, which can be calculated based on (14) as
Based on (15) , it can be found that the phase angle delay Δθ varies from −54°at 1000 Hz to −108°at 2000 Hz. This means that the phase angle delay Δθ is helpful by producing the PC [see Fig. 29(b) ] and the DFIG system phase response can be reduced.
Nevertheless, the virtual impedance will influence the entire frequency range, and the rotor current fundamental component control may be affected unfavorably. Thus, a high-pass filter needs to be introduced in order to avoid the influence of the virtual impedance in the low-frequency range
where f cut is the cutoff frequency of the high-pass filter. Fig. 30 shows the Bode diagram of the high-pass filter, with a cutoff frequency f cut = 200 Hz. Clearly, a high-pass filter is able to produce zero gain for the dc component. Thus, the influence of the virtual positive resistance on the error dc component can be eliminated.
Besides, the high-pass filter has a leading phase response, which can be calculated based on (16) as
The phase-leading results can be seen from Fig. 30 , i.e., 11.3°a t 1000 Hz, 9.46°at 1200 Hz, 8.13°at 1400 Hz, and 7.12°at 1600 Hz.
Then, the virtual impedance Z v , including the virtual positive resistance R v , the high-pass filter in (16), as well as the digital control delay in (14) , can be presented as
Fig . 31 shows the Bode diagram of the virtual impedance, including the virtual positive resistance R v = 60 Ω and the highpass filter cutoff frequency f cut = 200 Hz, with a control delay of T d = 150 μs. As it can be seen, due to the use of the high-pass filter, the influence on the dc component is eliminated, while a high impedance magnitude in the potential HFR range can be obtained, which helps to damp the HFR. Besides, the phase responses are −42.8°at 1000 Hz, −55.6°at 1200 Hz, −67.7°at 1400 Hz, and −79.3°at 1600 Hz. This phase response means that the virtual impedance behaves as a combination of the positive resistance (helpful to increase the DFIG system resistance) and the PC (helpful to reduce the DFIG system phase response).
B. Impedance Reshaping Through DFIG Grid Part
Since the branch of the GSC and L f is in a parallel connection with the C f branch, thus according to the parallel impedance equation, the virtual impedance will play a more significant role of the impedance reshaping, if it is inserted in series with the grid side filter L g . Fig. 32 shows the grid part with the virtual impedance in the grid part.
Based on Fig. 32 , the DFIG system impedance with the reshaped grid side impedance can be presented as (19b) shown at the bottom of the page. 1400 Hz, and T d = 150 μs. As shown in Fig. 33 , before the virtual impedance is implemented, the original phase difference between the small-scale DFIG system Z SYSTEM and the parallel compensated weak network Z NETP is 180°, which causes the HFR; on the other hand, once the virtual impedance is employed, the phase difference can be reduced to 149°, thereby achieving the active damping successfully. Therefore, the effectiveness of reshaping DFIG system impedance with a virtual impedance in the grid part can be validated. In order to achieve an appropriate impedance reshaping, the parameters of virtual impedance in (18), i.e., the virtual resistance R v and the high-pass filter cutoff frequency f cut , need to be carefully designed.
The phase delay caused by the digital control delay is presented in (18) , and the phase leading introduced by the high-pass filter is given in (17) . Thus, based on these two equations, the phase response of the virtual impedance at the resonance frequency can be calculated as In order to appropriately reshape the impedance of the DFIG system, the phase response of the virtual impedance Z v in (20) is preferred to be ∠Z v |f =f r e s o = −45°. This phase response indicates that the virtual positive resistance and virtual PC have the same magnitude, and the PC is able to decrease the phase response of the DFIG system, while the positive resistance is able to improve the DFIG system rejection capability against the resonance.
Then, based on (20), the high-pass filter cutoff frequency can be obtained as
where f reso is the resonance frequency, f cut is the high-pass filter cutoff frequency in (16), T d is the digital control delay in (14) , and Z v is the virtual impedance in (15) . It can be observed from (21) that the high-pass filter cutoff frequency f cut is determined by several parameters, i.e., resonance frequency f reso , digital control delay T d , and expected virtual impedance phase response ∠Z v |f =f r e s o .
By substituting f reso = 1600 Hz, T d = 150 μs and the expected phase response of −45°into (21) , the cutoff frequency can be calculated as f cut = 1410 Hz.
In order effectively to reduce the phase response of the DFIG system, the magnitude of the introduced virtual PC should be larger than the magnitude of the grid part impedance in the HFR range, as expressed in the following,
where R v is the virtual positive resistance in (18) . It can be observed that the virtual resistance is determined by the DFIG grid part impedance magnitude Z G , as well as the expected phase response of the virtual impedance ∠Z v |f =f r e s o . By substituting the small-scale DFIG system parameters in Table I , the virtual resistance can be calculated as R v > 43 Ω. Fig. 34 shows the Bode diagram of the virtual impedance with the parameters from the earlier design, i.e., f cut = 1400 Hz, R v = 50 Ω. It can be observed that the phase response of the virtual impedance at the original HFR frequency 1600 Hz is −45°. This phase response indicates that the virtual impedance Fig. 35 . Impedance modeling of the RSC and DFIG machine with the virtual impedance in the rotor part.
will behave as a combination of a virtual resistance and a virtual capacitance with the same magnitude, and both of them are helpful for the mitigation of HFR.
Thus, it can be seen that the earlier discussion gives out a design procedure of the virtual impedance parameters implemented in the grid part of the DFIG system, and the Bode diagram with the reshaped DFIG system impedance is plotted in Fig. 33 where the virtual impedance parameters are f cut = 1400 Hz and R v = 50 Ω. The successful mitigation of HFR, as described in Fig. 33 , is able to validate the parameter design results.
C. Impedance Reshaping Through DFIG Rotor Part
As discussed earlier, the virtual impedance can also be inserted in the rotor part of the DFIG system. Fig. 35 shows the impedance modeling of the RSC and DFIG machine with the virtual impedance in the rotor part.
Thus, the DFIG system impedance, including the virtual impedance in the rotor part, can be presented as
where Fig. 36 shows the Bode diagram of the DFIG system impedance with the virtual impedance in the rotor part, R v = 120 Ω, f cut = 1400 Hz, and T d = 150 μs. As shown in Fig. 36 , once the virtual impedance is implemented in the DFIG rotor part, the phase difference can be successfully reduced from 180°t o 153°and the mitigation of the HFR can be achieved. Therefore, reshaping the DFIG system impedance using the virtual impedance in the rotor part can be verified.
The parameters of the virtual impedance inserted in the rotor part also need to be designed appropriately. Note that the highpass filter cutoff frequency design is only determined by the resonance frequency f reso , the digital control delay T d , and the expected virtual impedance phase response ∠Z v |f =f r e s o . Therefore, the design result of f cut should be the same and will not be repeated here.
The magnitude of the virtual resistance R v can be designed similarly as in the case in Section V-B, i.e., the magnitude of the virtual PC should be larger than the magnitude of Z SR at the resonance frequency.
Considering the fact that the DFIG mutual inductance L m is much larger than the stator and rotor leakage inductance L σ s and L σ r , the mutual inductance branch can be neglected, and the simplified impedance of Z SR at the HFR resonance frequency can be calculated as the sum of L σ s and L σ r . Thus, the following equation can be deduced:
According to the small-scale DFIG system parameter in Table III , the virtual resistance inserted in the rotor part can be calculated as R v = 120 Ω. The Bode diagram of the reshaped DFIG system impedance is shown in Fig. 36 , which helps to validate the correctness of the parameter design result.
Furthermore, the design result of R v in (24) only defines the minimum value, and it is necessary to discuss the DFIG system impedance reshaping result when too large R v is adopted. Fig. 37 shows the vector diagram of the DFIG impedances with the appropriate virtual impedance, and Fig. 38 shows the vector diagram of DFIG impedances with too large virtual impedance.
As can be seen from Fig. 37 , when an appropriate virtual impedance is applied (in red), the original "rotor part impedance without virtual impedance (in blue)" can be transformed to "the rotor part impedance with virtual impedance (in green)," and its phase response changes from 90°to 0°. Note that the magnitude of "the rotor part impedance with virtual impedance (in green)" is much smaller than "the grid part impedance (in yellow)."
Considering the fact that the rotor part impedance and the grid part impedance are in parallel connection, the overall DFIG system impedance will mainly be determined by "the rotor part impedance with virtual impedance (in green)" due to its smaller magnitude, indicating the phase response of the DFIG system can be greatly reduced from the original 90°, thus sufficient phase margin can be achieved, as shown in Fig. 36 , and the HFR can be mitigated.
Nevertheless, for the case of too large virtual impedance, as shown in Fig. 38 , "the rotor part impedance with virtual impedance (in green)" has much larger magnitude than "the grid part impedance (in yellow)" due to the "too large virtual impedance (in red)."
Similarly, considering the fact that the rotor part impedance and the grid part impedance are in parallel connection, therefore the overall DFIG system impedance will mainly be determined by "the grid part impedance (in yellow)" due to its smaller magnitude and indicating the phase response of the DFIG system will almost remain 90°, thus the HFR still exists and the active damping fails.
In order to better validate the earlier vector diagram-based analysis, a Bode diagram of the DFIG system impedance with both appropriate and too large virtual impedance is plotted in Fig. 39 . It can be seen, when the appropriate R v = 120 Ω is adopted, the active damping can be achieved with a phase difference = 153°. On the other hand, when too large R v = 600 Ω is adopted, the active damping may fail due to a phase difference = 176°. Furthermore, when even larger R v = 1200 Ω is adopted (which is not plotted, otherwise it is difficult to see clearly), the active damping will fail due to a phase difference = 180°.
Therefore, based on earlier explanations, it can be found that when too large virtual impedance is applied, the DFIG system is instable because the overall impedance character of the DFIG system does not change significantly, as shown in Fig. 39 , and the active damping may fail because the phase difference between the DFIG system and the parallel compensated weak network remains 180°. A similar design result of the virtual impedance parameters regarding the implementation in the grid part and the stator part can be obtained; thus, it will not be described here for the sake of simplicity.
D. Impedance Reshaping Through the DFIG Stator Part
Besides the rotor part, the virtual impedance can also be inserted to the DFIG stator part, as shown in Fig. 40 .
Thus, the DFIG system impedance including the virtual impedance in the stator part can be presented as
where all the variables are defined in (6) and (18) . Fig. 41 shows the Bode diagram of the DFIG system impedance with the virtual impedance in the stator part, R v = 120 Ω, f cut = 1400 Hz, T d = 150 μs. By comparing Figs. 39 and 41, it can be found that the reshaped DFIG system with the virtual impedances in the rotor part and the stator part are almost the same, i.e., the reshaped phase differences are 153°and 150°, respectively, in each case. This result can be explained as, since the DFIG mutual inductance L m is comparatively much larger than the inductance of the rotor branch; thus, the mutual inductance can be reasonably neglected [31] . As a result, the rotor part and stator part of the DFIG system can be regarded as in series connection and the virtual impedance introduced either in the rotor part or the stator part will have almost the same impedance reshaping performance. Hence, the mitigation of HFR with virtual impedance in the stator part can be validated.
As for the virtual impedance parameters design in the stator part, it can be found that the design results are the same as in the case of the rotor part due to the series connection of the DFIG stator leakage inductance and the rotor leakage inductance. Thus, the parameter design will not be repeated.
VI. SIMULATION AND EXPERIMENTAL VALIDATION
In order to validate the DFIG system impedance modeling, the SSR and HFR phenomena, as well as the active damping strategy for the HFR, the simulation results of a 2.0 MW commercial large-scale DFIG system and experimental results of a 7.5 kW small-scale DFIG system are provided. Fig. 42 shows the control block diagram of the proposed active damping strategy implemented through the feedforward control of rotor current or stator current in the RSC or through the feedforward control of grid current in the GSC. As it can be seen, for the RSC control, an enhanced phase-locked loop (EPLL) [6] - [10] is able to provide the information of grid voltage fundamental synchronous angular speed ω 1 and angle θ 1 information, while an encoder gives out the DFIG rotor position θ r and speed ω r . The rotor current I Note that according to Figs. 36, 39 , and 41, the proposed active damping strategy is able to reduce the phase response of the DFIG system with a large frequency range, around 1000-2000 Hz. This means any potential HFR in the range of 1000-2000 Hz can all be mitigated, and no specific and accurate HFR frequency detection is required for the active damping. Instead, it is only needed to estimate the approximate HFR frequency (such as assume to be 1600 Hz in this paper) in order to calculate the virtual impedance parameter f cut and R v . Certain deviation of these two parameters has no significant influence on the active damping performance because sufficiently large phase margin can be produced, as shown in Figs. 36, 39 , and 41, and a successful active damping can still be achieved.
A. Control Block Diagram
Moreover, if the grid impedance changes due to the source and load switching, and as long as the potential HFR frequency remains within the range of 1000-2000 Hz, the proposed active damping strategy is still able to mitigate the HFR, meaning the predesigned parameters are still effective. However, if too large grid impedance change is seen and causes a large HFR frequency change, then the virtual impedance parameters have to be redesigned. This can be regarded as the limitation of the proposed active damping strategy.
It should be pointed out that the transformers are not shown in Fig. 42 for the sake of simplicity but have been included in the experimental and simulation results. The output of the rotor current PI closed-loop control V + rdqPI and the output of virtual impedance resonance damping V + sdqv or V + rdqv are added, together with the decoupling compensation, giving out the rotor control voltage V + rdq , which is then transformed to the rotor stationary frame and delivered as the input to the space vector pulsewidth modulation (SVPWM).
As for the GSC control, the dc-link voltage V dc is well regulated by a PI controller, and its output is delivered as the converter side inductance filter current reference I + * fdq , which is used to regulate the actual converter side inductance filter current I + fdq by a PI controller. The grid side current I + gdq is also sampled for the introduction of the virtual impedance in the grid part of the DFIG system, and its corresponding output is V Table I , series compensated weak grid network with the parameters given in Table IV, controller output, the virtual impedance output V + gdqv , and the decoupling compensation unit.
B. SSR Validation in Both Small-and Large-Scale DFIG Systems
The SSR in both small-and large-scale DFIG systems is validated based on a simulation model in MATLAB Simulink. Fig. 43 shows the simulation results of SSR in the small-scale DFIG system using the parameters given in Table I and the series compensated weak grid network using parameters in Table IV, i.e., R NETS = 0.1 mΩ, L NETS = 0.01 mH, C NETS = 0.1 F, and rotor speed = 0.8 p.u. As can be observed from Fig. 43 , the small-scale DFIG system suffers from SSR, with the stator voltage and current u s and i s containing the resonance Table II , series compensated weak grid network with the parameters given in Table IV, The simulation results of the large-scale DFIG system SSR is shown in Fig. 44 and the parameters of the large-scale DFIG system is available in Table II , rotor speed = 0.8 p.u. The parameters of the series compensated weak network are R NETS = 0.3 Ω, L NETS = 3.93 mH, and C NETS = 520 μF; note that the voltage changing ratio K 3 = 25 also needs to be considered. Therefore, the actual values of the series compensated weak network seen from the PCC as shown in Fig. 1 can be calculated as, R NETS /K Fig. 43 , the large-scale DFIG system also suffers the SSR with the resonance frequency of 7.5 Hz. This simulation result also matches well the theoretical analysis of 5.8 Hz shown in Fig. 17 .
Due to the interaction between the SSR component (7.5 Hz) and the fundamental component (50 Hz) in the stator current and voltage, the stator output active and reactive power P s and Q s , as well as the electromagnetic torque T e contain the resonance component of 42.5 Hz, and the rotor current contains the resonance component of 7.5 Hz − 40 Hz = −32.5 Hz due to the rotor speed of 0.8 p.u (see Table V ).
Furthermore, it should be pointed out that in the simulation results of both Figs. 43 and 44, the low-frequency SSR components of stator voltage u s , stator current i s , and rotor current Fig. 43 , and 4.0 p.u., as shown in Fig. 44 ; as a consequence, the output active and reactive power as well as the electromagnetic torque also contain large dc components due to the interaction between SSR components in the stator voltage and currents. Moreover, the large amplitude of the pulsation components of P s , Q s , and T e in Figs. 43 and 44 are also similarly caused by the interaction between the large-amplitude SSR components and the fundamental components. This large pulsation components may not occur in practice due to the overvoltage and overcurrent trip in the DFIG protection unit, but here they are shown in simulation results for the purpose of better explaining the SSR phenomenon in the DFIG system.
C. HFR Validation and Active Damping in the Small-Scale DFIG System
The HFR validation is conducted based on experiments of a small-scale DFIG system and simulations of a large-scale DFIG system. The parameters of the small-and the large-scale DFIG are listed in Tables I and II , and the parameters of the parallel compensated weak network are listed in Table III .
In order to experimentally validate the DFIG system impedance modeling and the HFR behavior, a downscaled 7.5 kW test rig is built up and shown in Fig. 45 , with its parameters given in Table I . The DFIG is externally driven by a prime motor, and two 5.5-kW Danfoss motor drives are used for the GSC and the RSC, both of which are controlled with dSPACE 1006 control system. The rotor speed is set to 1200 r/min (0.8 p.u.), the dc-link voltage is 650 V. The DFIG stator output active and reactive power are set to 5 kW and 0 Var, respectively. The sampling and switching frequency of both converters are 10 and 5 kHz, respectively.
It should be pointed out that the experiment validation is conducted under the weak network parameters of R NET = 3mΩ, L NET = 1.5 mH, and C NET = 10 μF. These weak network parameters are different from the theoretical analysis part, and the Bode diagrams of this weak grid impedance and the small-scale DFIG system have been plotted in Fig. 46 . As it can be seen, the theoretical analysis shows that the HFR will occur at 1575 Hz. Fig. 47 shows the experimental results of the small-scale DFIG system, when the rotor speed is 1200 r/min (0.8 p.u. below the synchronous speed), the weak grid network R NET = 3 mΩ, L NET = 1.5 mH, and C NET = 10 μF. Obviously, due to the impedance interaction between the small-scale DFIG system and the parallel compensated network, the HFR occurs, and the stator voltage u s , the stator current i s , the rotor current i r , the grid voltage u g , and the grid side current i g all contain highfrequency HFR components. The resonance frequency in the experimental results can be analyzed to be 1600 Hz. It can be seen that the resonance frequency in the experimental results match well with the theoretical analysis within an acceptable error (see Table VI ). The error can be attributed to the DFIG system parameters deviation due to temperature changing, skin effect, and flux saturation and also because of the deviation of the weak network parameters. Fig. 48 shows the experimental results of the small-scale DFIG system when an active damping strategy is enabled. Note that the virtual impedance inserted in the stator part is taken as an example, while the other two methods that insert a virtual impedance in the rotor and grid part have similar performance and will not be described here. Obviously, the HFR resonance components in Fig. 47 can be effectively mitigated when the active damping strategy is enabled, and as a result, the resonance components in the stator voltage and current and grid side voltage and current become much smaller. Therefore, the effectiveness of the proposed active damping strategy in the small-scale DFIG system can be validated. Fig. 49 shows the experimental result of the transient response of DFIG system when the active damping strategy is enabled. Once enabled, the active damping strategy is capable of mitigating the HFR components within 10 ms in the stator voltage and current, as well as the grid side voltage and current. This experimental result verifies a good dynamic performance of the proposed active damping strategy in the small-scale DFIG system.
D. HFR Validation and Active Damping in the Large-Scale DFIG System
In order to validate the HFR in the large-scale DFIG system, simulations are provided based on MATLAB Simulink. The simulation of a 2.0-MW large-scale DFIG system HFR is conducted with the parallel compensated weak network parameters given in Table III. According to Table III , the parameters of the parallel compensated weak network for the large-scale DFIG system are R NETP = 10.3 Ω, L NETP = 36.6 mH, and C NET = 1.02 μF; note that the voltage changing ratio K 3 = 25 also needs to be considered. Therefore, the actual values of the parallel compensated weak network seen from the PCC, as shown in Fig. 1 , can be calculated as, R NETP /K 2 3 = 16 mΩ, L NETP /K 2 3 = 0.058 mH, and C NETP * K 2 3 = 637 μF. Moreover, it needs to be pointed out that the large parallel network inductance L NETP = 36.6 mH is possible due to the parasitic inductance of the high-voltage long-distance transmission cables. As shown in Fig. 19 , the theoretical analysis result of HFR in the large-scale DFIG system is 1385 Hz. During the simulations, the DFIG system output active power is 1.0 p.u., reactive power is 0 p.u., and the rotor speed is 0.8 p.u. below synchronous speed. As it can be seen from Fig. 50 , when the 2.0 MW DFIG system is connected to the parallel compensated network, the HFR at 1520 Hz occurs in the stator voltage, the stator/rotor current, and the grid side current. Besides, due to the resonance components in the voltage and current, the stator output active and reactive power P s and Q s , as well as the electromagnetic torque T e include also the HFR components. It can be found that the simulation result of 1520 Hz matches with the theoretical result of 1385 Hz with an acceptable frequency error (see Table VI ). Thus, the HFR analysis in the large-scale DFIG system can be verified. Fig. 51 shows the simulation results when the active damping strategy is enabled, the virtual impedance is inserted in the stator part. The other two methods that insert the virtual impedance in the rotor and grid part have similar performance and will not be described here.
By comparing the simulation results in Figs. 50 and 51, it can be clearly observed that the HFR resonance components in Fig. 50 can be well mitigated. The stator voltage, stator and rotor current are able to operate with sinusoidal waveforms, and the fluctuation in the stator output power and electromagnetic torque can be eliminated. Thus, the effectiveness of the proposed active damping strategy in the large-scale DFIG system can be verified. Fig. 52 shows the simulation results of the transient response at the enabling instant of the active damping strategy. By comparing the DFIG system performance before and after the enabling instant, the effectiveness of the proposed active damping strategy can be verified again. Moreover, the transient response takes around 500 ms to achieve the damping, which is acceptable for a large-scale DFIG system. The stator output active and reactive power can still be accurately regulated when the active damping strategy is enabled, which makes this strategy more practical and reliable in practice.
VII. CONCLUSION
This overview paper discusses the SSR and HFR phenomena in the small-and large-scale DFIG systems when connected to the series and parallel compensated weak network. The main contributions and conclusions can be summarized as follows:
1) The impedance modeling of the DFIG system, including the DFIG machine and RSC and the GSC and output filter, is established. During the modeling, GSCs with L or LCL filter are considered and the digital control delay is also taken into consideration. The impedance modeling of noncompensated, series compensated, and parallel compensated weak networks are established. Based on the earlier impedance modeling, the SSR and HFR of both small-and large-scale DFIG systems can be analyzed and identified. 2) During the SSR and HFR analysis, the following several factors are considered: a) transformer configuration; b) different power-scale DFIG system with different parameters; c) L or LCL filter adopted in GSC; d) rotor speed; e) current closed-loop control proportional and integral parameters; and f) digital control delay.
3) It has been proved that the transformer configuration has obvious influence on the impedance shape of the DFIG system and the weak network; thus, the SSR and HFR can be affected. The DFIG system with a different power scale has also quite different impedance shape due to significantly different parameters. The rotor speed and current control parameters are relevant to the DFIG system SSR phenomenon but is relatively not important to the DFIG system HFR phenomenon. 4) The active damping strategy for HFR is able to appropriately reshape the impedance of DFIG system by inserting the virtual impedance (which consists of virtual positive resistance, high-pass filter, and digital control delay) in the grid part, rotor part, and stator part of the DFIG system; thus, the HFR can be effectively mitigated by reducing the phase difference between the DFIG system and the parallel compensated weak network to a smaller value than 180°.
